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racy. Gathering the field data needs resources, such as work forces, equipment and data management 
operations. This means that time and budget as well as quality must be carefully considered when National 
Forest Inventory activities are to be planned. Therefore, the development of cost efficient, simpler, safer 
and more accurate and reliable field data measurement methods and tools are topics of great interest. 
 
One of the field measurement variables is the upper stem diameter, which has been part of the NFI field 
data set until the 11th NFI. The measured upper stem diameter helps to produce more reliable tree stem 
volumes with 3-parameter Laasasenaho volume model. However, only if the quality of the measurements 
is on an adequate level. The upper stem diameter has been traditionally measured with parabolic caliper 
assembled in the top of the 5-meter aluminium rod. This equipment combination takes time to assemble 
and disassemble, it is not very compact to be carried around as well as it can be a health and safety issue 
during the thunderstorm. Therefore Criterion, laser-based dendrometer performance was further examined 
in this study as an optional measurement equipment for future upper stem diameter field measurements. 
 
The Criterion upper stem as well as dbh measurement precision was analysed based on the 326 sample 
tree measurements with Sonar, Caliper and Criterion. The standard error for Criterion was 17,26 mm in 
dbh measurements for all species and 10,36 mm in d6 measurements for all species. The reference stand-
ard errors from earlier studies were 2,70 mm for dbh with Steel Caliper and 7,00 mm for d6 with Caliper. 
When analysing the Criterion performance with reference to mean of the measurements, the standard 
error in dbh measuements for all species was 9,72 mm and for d6 measurements 7,07 mm. Furthermore, 
the accuracy and precision were analysed with Bland-Altman technique, which is a suitable method for 
comparing two measurements of the same variable when both have some errors. The Bland-Altman re-
sults supported the earlier findings. Within and between observer analysis showed that the impact in 
measurement accuracy or precision is not caused by the observers. The comparison of the sample tree 
volumes produced the results that the relative standard error was increased by 2,13 % for all species when 
2-parameter volume model was compared with 3-parameter model. Likewise, the relative bias was in-
creased by 1,53 %. In efficiency experiment the scenario where only one sample tree with measured d6 
was chosen from each of the sample plot and dbh percentile of p70 was providing most accurate and 
precise sample plot volumes with RMSE of 3,92 m3/ha and bias -0.78 m3/ha.   
 
The results show that there is a real challenge to achieve reliable and accurate upper stem diameter 
measurements and therefore new measurement methods need to be further studied and analysed. 
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Luotettavia maastomittauksia tarvitaan luotettavan metsäninventoinnin tueksi. Vaikka esimerkiksi mo-
nilähdeinventoinnissa kaukokartoitusaineistoja hyödynnetään laajasti, tarvitsee menetelmä tuekseen 
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metsien inventointiin liittyvien aktiviteettien suunnittelussa. Kiinnostavia aihepiirejä ovatkin kustannuste-
hokkaiden, yksinkertaisempien, turvallisempien sekä tarkempien ja luotettavampien maastomittaus me-
netelmien kehittäminen.   
 
Eräs maastossa mitatuista tunnuksista on yläläpimitta, joka mitattiin koepuista aina 11. Valtakunnan met-
sien inventointiin saakka. Mitatun yläläpimitan avulla voidaan tuottaa luotettavampia puustotilavuuksia 
käyttämällä Laasasenahon 3-parametrista tilavuusmallia, olettaen että mittausten laatu on riittävällä ta-
solla. Perinteisesti yläläpimitta on mitattu latvakaulaimella, jossa on 5 metriä pitkä alumiininen varsi. Lat-
vakaulaimen kasaamiseen ja purkuun kuluu aikaa ja sitä on hankala kuljettaa maastossa. Lisäksi latva-
kaulaimen käyttöä ei suositella ukkosella, sillä siihen liittyy riskejä. Tästä johtuen Criterion laser-mittalai-
tetta tutkittiin vaihtoehtoisena menetelmänä mahdollisiin yläläpimitan maastomittauksiin. 
 
Criterioinilla mitattuja rinnankorkeus- ja yläläpimitan tarkkuuksia analysoitiin 326 mitatun koepuun avulla. 
Mittauksiin käytettiin Sonar-, Caliper-, ja Criterion mittalaitteita. Criterionilla mitatuissa kaikkien puulajien 
rinnankorkeusläpimitoissa keskivirhe oli 17,26 mm ja yläläpimitoissa 10,36 mm. Tulosten vertailukohtana 
olivat aiemmista tutkimuksista mittasaksien keskivirhe 2,70 mm ja  latvakaulaimen keskivirhe 7,00 mm. 
Criterionin toimintakykyä vertailtiin myös toistomittausten keskiarvoon, jolloin keskivirhe rinnankorkeuslä-
pimitan mittauksessa kaikilla puulajeilla oli 9,72 mm ja yläläpimitan mittauksissa 7,07 mm. Lisäksi Criterio-
nin tarkkuutta ja täsmällisyyttä analysoitiin Bland-Altman menetelmällä, joka sopii eri mittaustapojen ver-
tailuun silloin, kun molemmat mittaustavat sisältävät virheitä. Bland-Altman menetelmän tulokset tukivat 
aiempia löydöksiä. Mittaajien välistä ja sisäistä eroa tutkitiin varianssianalyysillä, joka osoitti, ettei mittaa-
jalla ole vaikutusta mittausten tarkkuuteen tai täsmällisyyteen. Koepuiden tilavuuksien tarkastelun tulokset 
osoittivat, että suhteellinen keskivirhe kasvoi 2,13 % kaikille puulajeille, kun 2-parametrisella tilavuusmal-
lilla tuotettuja tilavuuksia verrattiin 3-parametrisella mallilla tuotettuihin tilavuuksiin. Lisäksi, suhteellinen 
harha kasvoi 1,53 %. Tehokkuuteen liittyvässä kokeessa päästiin luotettavimpiin tuloksiin, kun vain yh-
denkoepuun mittauksia hyödynnettiin koealatilavuuslaskelmissa. Koepuu oli valittu rinnankorkeuläpimitto-
jen persentiililtä p70 ja tulosten RMSE oli 3,92 m3/ha ja harha -0.78 m3/ha.   
 
Tulokset osoittavat yläläpimitan luotettavan ja tarkan mittaamisen haasteellisuuden ja siksi uusia mittaus-
menetelmiä tulisi edelleen tutkia ja analysioida lisää. 
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1 Introduction and Background 
1.1 The National Forest Inventory (NFI) 
The national forest inventory is a monitoring system for the development of forests in 
Finland.  As Tomppo et al. (2011) pointed out, main purpose of the national forest 
inventory is to provide comprehensive and reliable information regarding the forest 
resources. This information can be used for predicting the future development of the 
forests as well as a research material. Several international instances are using the for-
est resource information as an input in their decision-making processes and this infor-
mation provides also the data for several global reporting requirements (Chirici et al. 
2011). Thus there are increasing requirements for more accurate and reliable infor-
mation of the forest resources on a global and local level.  
On a global level, one of the reasons why more and more countries are implementing 
the NFI around the world is the monitoring requirement related to the prevention of 
the climate change (Chirici et al. 2011). On local level and for example in Finland the 
Strategic Programme of Prime Minister Juha Sipilä’s Government on 29th of May 2015 
includes a target for more efficient utilization of the forest resources data and related 
electronic services (Government Publications 1/2016). These are only few reasons 
why the national forest inventory methods are under continuous development and why 
the ongoing research activities are focusing on finding new solutions for collecting, 
managing, refining and distributing the forest resource data. 
In Finland the first national forest inventory was carried out in the early 1920’s. Until 
today the inventories have been repeated in 5-10 year’s cycles and currently the ongo-
ing 12th national forest inventory was kicked off in Finland during the summer 2014 
(Haapanen 2014). The data for the most recently published forest resource information 
in Finland, NFI 11, was gathered during years 2009 – 2013.(Valtakunnan metsien 11. 
inventointi (VMI) 2009). 
The major driving forces for the national level forest monitoring have been the in-




ferring to Haapanen (2014) until the 1970’s the objective of the national forest inven-
tories was to serve the forest industry by providing the best estimates of the growing 
stock and its development. 
In later inventories the interest has also increased in non-wood forest products like the 
environmental, economic and social roles of forests. However, defining the sustainable 
level of harvests without jeopardizing the future timber production is one of the key 
objectives that has remained over the series of national forest inventories until today 
(Haapanen 2014). This means that the main interest has always been the amount, struc-
ture and quality of growing stock as well as the growth, state and need of silviculture 
activities.  
Due to the use of the forest resource information especially in the decision-making 
activities, the inventory methods should be reliable and efficient (Tomppo et al. 2011). 
A common challenge related to the inventory measurements is how to achieve a high 
degree of accuracy and unbiasedness cost-efficiently. For practical reasons it is not 
possible to measure every tree in the forest or all the tree variables in large area inven-
tories like in NFI. This means that sampling methods need to be applied and the field 
measurements can include only a few key variables. Therefore, the Finnish national 
forest inventory is a sampling-based inventory (Tomppo et al. 2014). 
1.1.1 NFI Field Measurements in Finland 
The forest resource information produced by the NFI is still based on the comprehen-
sive field measurements, which are gathered from the country wide network of clus-
tered sample plots. The clustered sample plot setup varies, and the sampling intensity 
is fitted to the spatial variation in forests and the road network availability throughout 
the whole country, being lower in the north than in the south (Tomppo et al. 2014). 
Finland is divided geographically into six sampling intensity regions consisting of 
Åland region, Southern Finland, Central Finland, North Central Finland, South Lap-
land and North Lapland (Valtakunnan metsien 11. inventointi (VMI) 2009). 
According to Tomppo et al. (2008) the growing stock volume estimates are calculated 
based on the tree measurements on the field sample plot. The sample plot tree meas-
urements are further separated for the tally tree measurements and for the sub-plot 




are selected based on the cumulatively summarized basal area or based on the tree 
diameter. The sample trees, which are over 45 millimetres of diameter breast height 
(dbh) are selected based on the cumulative basal area. In Southern Finland the basal 
area-based sampling interval for the sample tree over 45 millimetres of dbh is 15 m2/ha 
and in Northern Finland it is 10 m2/ha. However, when the tally tree dbh is less than 
45 millimetres, every 10th tree is a sample tree in Southern Finland and in North Fin-
land every 7th tree is a sample tree. In addition to the tally tree variables, such as tree 
species and breast height diameter, the sub-plot sample tree measurements are includ-
ing also the height measurements and the crown indicators.  
In 12th NFI the sample tree measurements are gathered for different types of sample 
trees. Depending on the use of the data, the measurements can be classified as normal 
NFI sample trees and sample trees for the laser-based methods. The laser-based meth-
ods will require measurements for the tree species specific mean heights from each of 
the sample plot (Valtakunnan metsien 12. inventointi (VMI12) 2015). This infor-
mation is needed for the sample plot specific height model calibration.  
Volume estimates of growing stock and increments are based on detailed measure-
ments of sample trees, taper curve models and generalization of sample tree results to 
tallied trees (Metla Research Programmes 2015). Based on the field measurements the 
estimates for instance for the volume of the growing stock can be made for the entire 
country. NFI methods are under continuous development and changes are imple-
mented for instance due to new demands or due to technology development. For the 
12th NFI the sample tree measurements were simplified by leaving out the upper stem 
diameter (d6), which was earlier measured for the sample trees at the height of six 
meters (Valtakunnan metsien 11. inventointi (VMI11) 2009). More detailed descrip-
tion regarding the volume estimation in Finnish NFI is introduced later in this study. 
1.1.2 Upper Stem Diameter (d6)  
The volume or taper curve models presented by Laasasenaho (1982) are usually used 
for estimating the volume of timber in Finnish forest inventory systems. These models 
estimate the volume or taper curve as a function of dbh or dbh and height (h) or as a 
function of dbh, d6 and h. The model-based volume estimates are more reliable when 




estimates that are obtained by using only d and h can be biased (Korhonen 1992). 
According to Korhonen the d6 measurements are not obtained for trees less than 8-
meter of height, because in this case the d6 is not improving the reliability of the vol-
ume estimate. During the earlier National forest inventory rotations and for instance 
based on eleventh national forest inventory manual, the upper stem diameter has been 
measured as a part of the field measurements. The d6 was measured for the standing 
sample trees and over bark at the height of 6 meters over ground. The measurement 
was taken in 1 cm classes for the trees over 81 decimetres of height and by using a 
parabolic caliper (Figure 1.) with a 5-meter aluminium rod. Before reading the meas-
urement result, the aluminium rod was placed along the tree stem by matching the dbh 
indicator on the rod with the measured tree dbh height sign on the tree stem.  The dbh 
indicator on the rod was placed 30 cm from the bottom of the rod so that the dbh height 
and the remaining rod length sums up to 6 meters from the ground level. The caliper 
measurement was read from the right side of the tree stem based on the caliper scale 
and diameter class. The caliper scale is between 2-38 cm and thus this the trees over 
the scale were visually assessed.  
   
Figure 1. Parabolic caliper for measuring d6. 
Measuring the d6 is time consuming, expensive and prone to measurement errors 
(Korhonen 1992). Based on the VMI11 manual and instructions following points need 
to be taken into consideration (Valtakunnan metsien 11. inventointi (VMI11) 2009). 
The tree characteristics like the shape of the stem, the density of branches as well as 




can be divided in recording errors and equipment placement errors. The recording er-
rors could be caused by the poor visibility, wrong reading or typing of the measure-
ment. The placement errors could be caused by the wrong measurement height or 
wrong angle of the measuring equipment.  
Depending on the geographical location and the region, the travelled distance for one-
day field measurements can be over 10 kilometres. Especially challenging are the off-
road transfers when all the measurement equipment needs to be carried by the observ-
ers. For the transfers, the upper stem caliper rod is split in to four parts, which are fitted 
and carried in a tube. In addition to the rod, the caliper need to be carried. Before and 
after the measurements the equipment need to be assembled and disassembled, which 
is time consuming.          
 
1.2 Purpose of the Study 
The purpose of this study is to examine the accuracy, precision and efficiency of the 
upper stem diameter field measurements by comparing the different measurement 
equipment observations as well as different strategies on the prediction of the tree vol-
umes. The upper stem diameters are measured with two different equipment and meth-
ods, which are based on a laser dendrometer and on the d6 caliper with a rod. The 
predictions of the tree volumes are statistically analysed so that the accuracy and pre-
cision between the different measurement methods can be compared. Also, the purpose 
is to compare the results with the earlier studies by considering the accuracy of the tree 
measurements as well as the modelled volume estimates with or without the d6 meas-
urement. Finally, the efficiency of the upper stem diameter measurements comparison 
is done based on sample tree selection strategies. The specific objectives of this study 
are as follows: 
• Find out and analyse the measurement error of the upper stem diameter meas-
urement. 
• Compare the precision, accuracy and efficiency of the different d6 measure-
ment equipment and find out which one is most accurate and most efficient. 
• Compare and analyse the reliability of the volume estimates with or without 




• Examine how many sample trees must be measured with the upper stem diam-
eter for providing the most reliable results for the sample plot volume 
• Find out if there is statistically significant difference between the predicted tree 
volumes with or without measured upper stem diameter. 
The purpose of his research is to generate new knowledge on the strategies of the upper 
stem diameter measurements. The hypothesis of this study is: there is a cost-efficient 
way to improve the volume estimation accuracy in National Forest Inventory (NFI). 
 
1.3 Previous Research 
There are a few previous studies conducted in Finland regarding the upper stem diam-
eter measurements. For instance, Hyppönen & Roiko-Jokela (1978) examined the ac-
curacy and effectivity of the sample tree measurements. In this research the upper stem 
diameter was measured for 114 times by three different observers with the parabolic 
caliper and as in NFI. The precision and bias of the used instruments and the instru-
ment-based time consumption was examined for Scots pine. They found out that the 
optimum instrument for measuring the upper diameter was the parabolic caliper with 
the aluminium rod. Regarding the time management the biggest impact in efficiency 
was caused by the height measurements and not by d6 measurements. 
The study by regarding the accuracy of certain tree measurements including the ran-
dom errors and bias showed that the impact of the observer experience and carefulness 
is more important than the order of the measurements (Päivinen et al. 1992). In this 
study the upper diameter d6 was measured according to the NFI guidance with the 
parabolic caliper for 366 times for Scots pine and for 154 times for Norway spruce. 
They found out that the d6 measurement bias for both tree species was -0,1 cm and the 
standard deviation was 0,7 cm.  
Pennanen (1978) estimated that the sample tree measurements will take approximately 
18-45 % of the total measurement time. Päivinen (1987) introduced the findings of the 
7th NFI time management, where the field measurements were considered as one of 
the largest cost elements and the time consumed in sample tree measurements was 




model for the forest inventory measurements, there is always a need to balance be-
tween the number and size of the sample trees as well as the measurement time and 
the measurement error or error caused by the lack of measurements. 
The measurement and model errors impact in tree volume predictions and therefore 
analysing the d6 measurement error alone does not provide the best solution. Kangas 
(1996) found out that using predicted height or upper diameter instead of measured 
one produces statistically significant bias in volume estimates. This study consisted of 
the data from 8516 Scots pine trees, which were measured as sample trees in the 8th 
Finnish NFI. The volume for each tree was predicted with the Laasasenaho (1982) 
model with observed or estimated d6 in addition to other observed or estimated sample 
tree characteristics. Finally, the true volume was compared to the volume subject to 
measurement and prediction errors in different height and upper diameter models. The 
research findings suggest that the best approach for the unbiased estimate of mean 
volume is to predict the tree volumes with observed dbh and stand characteristics as 
the regressor. The bias in the volume predictions with predicted height or upper diam-
eter was found to be statistically significant and this bias may have a significant effect 
on the inventory results especially when total volumes for large areas are calculated as 
in national inventories. 
The NFI sampling designs and plot specific tree measurements have been modified 
over the time to respond the need of the data accuracy as well as the use of available 
resources (Tomppo et al 2008). There is always a trade-off between efficiency and 
accuracy, which impacts in how many and what size of the sample trees are selected. 
Henttonen and Kangas (2015) studied the optimal plot design in multipurpose forest 
inventory by cost-plus-loss (CPL) approach.  The cost-plus-loss for the optimal plot 
design was defined by minimizing the costs as a function of time and the losses as a 
function of RMSE for the variables of interest including also subsample tree variables 
such as upper stem diameter d6. They found out that the subsample tree  selection 
strategy was more important in selecting optimal plot than many other factors. When 
other characteristics than volume,  for instance such as volume growth is analysed, the 
subsample tree selection and measurement strategies need further studies.  




1.4 Structure of the Study 
The study is structured in four different sections and after the first section consisting 
of introduction and background the following content is introduced.  
• The focus in the second section of this study is on the theoretical framework. 
This section introduces detailed information about the theories that are used as 
a foundation to facilitate the research work. It is based on the literature review 
of scientific articles as well as previous studies and publications. On the other 
hand, the framework aims to connect the relationship between theories and the 
statistical analysis of the study.  
• Following the theoretical framework, the third section is focused on methods 
and materials. This chapter contains the description of the research data as well 
as the methods regarding the data gathering, classification and analysis work. 
The applied data analysis methods are critically reviewed with the benefits and 
disadvantages from the viewpoint of this study and the motivation of the study 
material selection is introduced.  
• Finally, the last section consists of the results, discussion and conclusion chap-
ters. The answers obtained for all the research questions will be presented in 
the last section of this study and the main findings will be summarized and 
discussed as a deeper insight of the research. At this phase of the study, the 
discussion and interpretation of the results will facilitate the conclusions that 
will answer the research questions that refer to the research problem for finding 







2  Theoretical Framework of the Study  
2.1 Methods and Statistical Analysis 
This section is focusing on the selection procedure as well as on the theory of the 
statistical analysis methods utilized in this study. With reference to previous and sim-
ilar studies in forestry, the field measurements are assumed to be the absolute truth and 
the errors in them are assumed insignificant or not important. This could mean that the 
decisions regarding the acquisition of the information are often depending on the seem-
ingly real precision or accuracy of the data. For instance, in tree-level comparisons, 
the field measurements contain always measurement errors. Therefore, in this study 
the selection of the analysis method was heavily impacted by the lack of the error-free 
reference data for the d6 observations.  
2.1.1 Selection of the Statistical Analysis Method 
Since the true values for the d6 measurements are unknown, one option for the data 
analysis is the traditional regression analysis to find out if there is a significant differ-
ence between the sample tree volumes produced by the d6 variables of different meas-
urement methods. In this method the sample tree volumes for the regression analysis 
are produced by the Laasasenaho models and the dependant and explanatory variables 
are chosen based on the sample tree volumes produced with d6 variable and based on 
the measurement type i.e. the traditional caliper or laser dendrometer. Furthermore, 
the paired Student’s t-test is utilized for finding out if there is an evidence of a differ-
ence between the means of measurements produced by different methods.  
However, comparing only the means of measurements produced by two methods with 
a traditional Student’s t-test is not straightforward. The comparison results are heavily 
depending on the amount of the observations and the results are less accurate with 
fewer observations. Therefore, it is difficult to find the evidence of the significance 
between for instance two measurement methods with t-test. Likewise, with the bigger 
amount of observations it is more likely that the t-test produces a result, which is illus-
trating rather the evidence of difference between the measurement methods than the 




Therefore, slightly different approach was chosen for the analysis method of this study 
and combination of the measurement theory and Bland-Altman (1983) techniques 
were applied.  
2.1.2 Measurement Theory 
As Päivinen (1987) presents there are certain reasons for the deviations between the 
reality i.e. the truth and the measured values in the forest inventory. The tree measure-
ments are always involving sources of errors. These types of errors are also called as 
measurement errors and their magnitude is mainly depending on the measurer, meas-
uring equipment as well as on the target of the measurement.  
The measurement error can be further divided into two components, which are random 
error and systematic error. Random error can be randomly either positive or negative 
and it may vary from observation to another. Random errors are also always present 
when something is measured, and they are typically more likely to be small errors. 
They can be caused for example by the unintended mistakes by observers. The random 
error variance indicates the precision of the observations or measurements.  
Systematic error indicates that the measurement error is systematically either positive 
or negative. Even with large amount of measurements the mean of the systematic error 
does not reach zero. The systematic error can be caused for instance by the wrongly 
calibrated measurement equipment. The systematic error is also called as bias and it 






     (1) 
Mean squared error (MSE) is an indicator for the accuracy as it consists of both, the 
random error as well as bias. MSE for the measurement errors can be calculated as 
follows: 
𝑀𝑆𝐸 = 𝑉𝐴𝑅 (𝑦) + 𝐵𝐼𝐴𝑆2    (2) 
where the variance is calculated as follows:  
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Where n is the number of observed measurements, yi is the observed measurement, ŷi 
is the true value and ȳi is the mean of the observed measurements. 
Root mean square error (RMSE) is one of the most important indicators for the data 
quality in forest mensuration science.  For the tree measurements, RMSE can be cal-
culated as follows: 
𝑅𝑀𝑆𝐸 = √𝑀𝑆𝐸     (4) 
2.1.3 Regression Analysis and Modelling 
Regression is a statistical method, which has got many practical use cases. Most com-
monly linear regression analysis is used for prediction or forecasting, and it includes 
several techniques for modelling and analysing several variables. Regression analysis 
helps to understand the relationship between a dependent variable and one or more 
independent, also called as explanatory variables. It also helps to understand how the 
typical value of the dependent variable changes when any one of the explanatory var-
iables is varied. When a predictive regression model is developed, it can be used to 
make a prediction for the dependent variables based on the modelled relationship be-
tween the variables even if the explanatory variable is unknown. The regression model 
is also represented as a function where the explanatory variable is placed on X -axis 
and dependent variable or predicted variable on Y-axis.  
The regression analysis can be applied also to quantify the strength of the relationship 
between the dependent and the explanatory variables. Once a regression model has 
been constructed, it is important to verify the goodness of fit of the model and the 
statistical significance of the estimated parameters. Commonly used checks of good-
ness of fit include the R2 i.e. coefficient of determination, analyses of the pattern of 
residuals and hypothesis testing.  
R2 is a statistical indicator, which indicates the coefficient of determination and it can 
get values between 0 and 1. Bigger R2 value indicates stronger coefficient of determi-
nation. This means that the better the linear regression model fits to the data in com-
parison the closer the R2 value gets to 1. The coefficient of determination is the percent 
of the variation that can be explained by the regression model. R2 is produced by di-







     (5) 
The total variation is a sum of two parts, the part that can be explained by the regression 
model and the part that can't be explained by the regression model. The variation ex-
plained by the regression model can be calculated by utilizing the following equation. 
𝑆𝑆𝑅 =  ∑ (ŷ𝑖 −  ?̅?)
2𝑛
𝑖=1       (6) 
The unexplained variation can be calculated by utilizing the equation as follows. 
𝑆𝑆𝐸 =  ∑ (y𝑖 −  ŷ)
2𝑛
𝑖=1      (7) 
Where  
ŷi indicates the predicted value, 
yi the observed or true value for one unit of the population and  
?̅? indicates the average of the observed or true values.  
SSR is the sum of the squared differences between the prediction for each observa-
tion and the population mean and  
SSE is the sum of squared errors of prediction.  
A small SSE indicates a tight fit of the model to the data.  
Another way to analyse the model goodness of fit is to calculate the Root Mean Square 
Error (RMSE). RMSE is a measure of how spread out the residuals are, and it indicates 
how concentrated the data is around the line of best fit. 
Each data point has got its own residual. A residual is generated by subtracting for 
instance the observed value from the true value and it indicates how far from the re-
gression function line the actual true data points are. Analysing the pattern of residuals 
can be used also for assessing the regression model suitability for the data. This can be 
done via examining the residual plots. A residual plot is a graph that shows the resid-
uals on the vertical axis and the independent variable on the horizontal axis. If the 
points in a residual plot are randomly distributed around the horizontal axis, a linear 





The goodness of model can be also analysed by the predicted values produced by the 
model. For instance, if the model is used for predicting the volume of a tree, the model 
should not produce negative values. 
In case the regression analysis is used for modelling purposes, it is important to notice 
that the amount of the explanatory variables may have an impact in the coefficient of 
the determination of the model. In fact, the model coefficient of the determination in-
creases if new explanatory variables are added in the model. The more explanatory 
variables, the more flexible model will be. Therefore, it is recommended to use another 
indicator for analysing the coefficient of the determination of the model, when the 
most optimal amount or combination of the explanatory variables are selected for the 
model. This indicator is Adjusted R2 and it is useful for comparing the models with 
different amount or combination of the explanatory variables. Adjusted R2 is calculated 






     (8) 
Where  
p indicates the amount of the explanatory variables, 
n indicates the degrees of freedom and SST = SSR + SSE. 
The linear regression is a good analysis method when the variables are error free and 
the explanatory variable is identified. However, when the variables are not error free 
and the explanatory variable cannot be identified, the geometric mean functional rela-
tionship regression can be utilized. In the linear regression method, the relationship of 
the explanatory and dependent variable cannot be switched, however this not an ob-
jection for GMFR, which produces a symmetric regression line as follows: 
ŷ2 = 𝑏0 + 𝑏1𝑦1     (9) 
where the b0 is calculated as   
𝑏0 =  ?̅?2 − 𝑏1?̅?1                         (10) 
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                         (11) 
The GMFR line together with identity line also called as 45-degree line as well as with 
OLS regression line could provide better overview for the visual analysis. This ap-
proach will also help with interpretation as the measurement errors are causing biased 
coefficients for OLS regression lines.   
2.1.4 Bland-Altman Technique 
Bland-Altman plot can be used as a visual analysis tool (Altman & Bland 1983). It is 
also called as a difference plot and it is used for comparison of two measurements of 
the same variable that both have some errors. In Bland-Altman plot the mean of the 
measurements is placed on x-axis and the difference of the measurements is placed on 
y-axis. It is expected that the values are clustered around the mean of the differences 
line, which also describes the bias. If the line is above zero, the values for the meas-
urement method selected as control method tends to be higher than the values for the 
other method selected as assessment. The conclusion is opposite if the line is below 
zero. 
Bland-Altman plot includes ±2 standard deviation of the difference’s lines and the 
trend of differences line. If the values are normally distributed and placed within 2 
standard deviations of the mean and between the lines, it will provide the 95% limit of 
the confidence interval. This is also called as limits of agreement between the two 
measurement methods. The trendline describes the difference in the variances of two 
measurement methods. Steeper trendline refers to the larger difference between the 
variances. The trendline coefficient is zero if the error variances are equal, positive if 
the assessment variance is smaller than control variance and negative in the opposite 
situation. 
 
2.2 Volume Prediction in Finnish NFI 
In latest NFI the volume estimation follows the framework described in Tomppo et al. 
(2011a) for 9th National Forest Inventory of Finland. The volume was defined as tree 




tree and it does not include the branches. The volume estimation was produced for all 
trees over 1,3 meters in height. The volume functions, taper curve models and sample 
tree measurements were used for predicting the tree volumes and volumes for timber 
assortment classes. In prediction Laasasenaho volume functions as well as models for 
other species were utilized with estimates of the parameters for the following tree spe-
cies; pine, spruce, birch, aspen, alder and Siberian larch (Tomppo et al. 2011, 75 - 77). 
For other coniferous and broad-leaved tree species the models for pine or birch were 
applied.  
When all three explanatory variables dbh, d6 and h are available for the Laasasenaho 
model, the parameter estimates of the model by tree species are according to table 1. 
Table 1. The estimates of Laasasenaho model (1) parameters 
 
Species b1 b2 b3 b4 b5 b6 
Pine 0,268621 −0.0145543 −0.0000478628 0.0003341 0.097315 0.044072 
Spruce 0.20804 −0.0149567 −0.000114406 0.00043678 0.133947 0.03746 
Birch 0.22655 −0.0104691 −0.000122258 0.00043803 0.099162 0.033484 
 
The equation of Laasasenaho volume model (1) with three explanatory variables is as 
follows: 
𝑣 = 𝑏1 ∗ 𝑑𝑏ℎ
2 + 𝑏2 ∗ 𝑑𝑏ℎ
2ℎ + 𝑏3 ∗ 𝑑𝑏ℎ
3ℎ + 𝑏4 ∗ 𝑑𝑏ℎ
2ℎ2 + 𝑏5(𝑑𝑏ℎ
2 + 𝑑𝑏ℎ ∗
𝑑6 + 𝑑62) + 𝑏6𝑑6
2(ℎ − 6)                        (12) 
Where the explanatory variables are dbh, d6 and h. 
When only two explanatory variables d and h are available the parameter estimates of 
the model by tree species are according to table 2. 
Table 2.The estimates of Laasasenaho model (2) parameters 
Species b1 b2 b3 b4 b5 
Pine 0,036089 2.01395 2.07025 -1.07209 0,99676 
Spruce 0,022927 1,91505 2.82541 -1.53547 0,99146 





The equation for the volume prediction is as follows. 
𝑣 = 𝑏1 ∗ 𝑑𝑏ℎ
𝑏2ℎ𝑏3(ℎ − 1.3)𝑏4𝑏5
𝑑𝑏ℎ                        (13)  



















3 Research Materials and Methods 
3.1 Field Data 
The field work was done as part of the Natural Forest Resources Centre research pro-
ject. The data collection team was working in pairs and before the field work started 
the team was trained on how to use the NFI measurement instruments. The field meas-
urements and use of instruments were rehearsed in advance and before entering the 
field. 
3.1.1 Lapinjärvi 
For this study the data was collected in Lapinjärvi during the months of June and Au-
gust 2016. Lapinjärvi municipality is in southern Finland (N=6721213.823, 
E=456298.972 (ETRS-TM35FIN), Figure 2). Natural Resources Institute Finland 
manages the research forests owned by Metsähallitus and Lapinjärvi research forest 
was established in 1933. It consists of two research forest areas, which are Holmgård 
(150 ha) and Latokartano (250 ha) (http://www.metla.fi/metsat/lapinjarvi/). The field 
data for this study was gathered from Latokartano area, which belongs to the southern 
Boreal Forest Zone and consists of mainly managed boreal forest. Scots pine and Nor-
way spruce are the dominant tree species and the site quality varies from groves to 
barren heaths.  
 




According to Natural Resources Institute Finland website, Lapinjärvi research forest 
has been also used as a gene bank for ensuring the preservation of the native genome 
material for Scots pine and Norway spruce.   
3.1.2 Sample Plots 
For planning and positioning the sample plots prior to the field measurements, the 
information regarding tree stratums and tree stands was exported from the Silvia sys-
tem owned by Metsähallitus. The sample plots were positioned for different types of 
forests with varying tree species ratio, forest density and tree diameters on breast 
height. The sample plot maximum radius was 20 meters with reference to 12th NFI, 
where the maximum radius is 9 meters (Valtakunnan metsien 12. inventointi (VMI12). 
The sample plot mean height had to be over 5 meters and they were grouped based on 
the stratums and properties of the living trees as follows.  
Dominated tree species 
1. Scots pine dominated, >70 % of the volume 
2. Norway spruce dominated, >70 % of the volume 
3. Broad leave species dominated, >70 % of the volume 
4. Coniferous species, other than 1 or 2, >70 % of the volume 
5. Mixed species, none of the above 
Forest density 
• Basal area >10 m2/ ha 
• Basal area 10 - 20 m2/ ha 
• Basal area 20 - 30 m2/ ha 
• Basal area >30 m2/ ha 
Diameter on breast height 
• dbh < 12 cm 
• dbh < 12- 25 cm 




Every sample plot was labelled with 3 numbers indicating the criteria from each stra-
tum category. For example, sample plot with label 413 indicated that this plot repre-
sented the stratum 4. Coniferous species with 1. Basal area >10 m2/ ha and 3. dbh > 25 
cm.  
The total of 131 sample plots were placed in Lapinjärvi research forest so that several 
sample plots were representing the same stratum. The plan was to measure at least one 
sample plot for each stratum type. The extra sample plots representing the same stra-
tum were only reserve plots in case the chosen sample plot did not really represent the 
expected stratum. The plan was to measure 36 sample plots in Lapinjärvi. However, 
as it turned out, only 18 sample plots were measured due to the lack of time and re-
sources. One reason for this was the sample plot size and the amount of the tree meas-
urements, which was much larger than for instance in 11th NFI. In 11th NFI the average 
amount of the tally trees on one sample plot was 11,5 pcs and every seventh tree was 
selected as a sample tree (Tuominen et al. 2014). In this study the amount of the sample 
trees ranged from 10 to 27 pcs.   
The sample plots were positioned in Lapinjärvi based on certain requirements. For one 
forest stand there was a possibility to position only one sample plot. The sample plot 
distance to the stand boundary had to be at least 20 meters and to the closest road at 
least 40 meters. The distance between the sample plots had to be at least 100 meters. 
However, the sample plots were positioned close to the road network and each other 
so that the commuting time between the plots could be minimized. The sample plots 
were also positioned outside of the areas with any other ongoing research activity. The 
centre points of the sample plots were subjectively selected and positioned in ArcGIS 
application.  
Two types of sample plots were applied. The smaller trees with dbh < 45 mm were 
measured with relascope type of sample plot and trees with dbh 45 mm or above were 
measured with fixed radius sample plot. This setup was mimicking the 12th NFI setup. 
From the sample plots some general information was gathered as well as the sample 
plots were GNSS positioned and marked out. The positioning was done according to 




out was done with the wooden stick labelled with the sample plot number and posi-
tioned in the centre point of the sample plot. There was a possibility to move the centre 
point of the sample plot in case it was originally positioned in the inadequate place or 
the stratum criteria was not fulfilled. In this case both the originally planned centre 
point and the new centre point had to be marked out. The same sample plots were to 
be used also for other research purposes and measurements and therefore the marking 
out was important. The sample plot general information gathering process was also 
based on the 12th NFI and consisted of data regarding the land class, fertility types and 
accomplished drainage. 
3.1.3 Tree measurements 
The instructions regarding individual tree measurements were based on the 12th NFI 
guidance. Only tally tree specifications were modified for this study. Categorisation of 
the tree types was simplified to better match the requirements in this study, and it con-
sisted of six tree types. 1. Living trees, 2. Usable and unusable standing dead trees (in 
standing position more than 45 degrees), 3. Lying dead trees with the standing part 
over 1,3 m, 4. Standing stumps over 1.3 m, 5. Living bushes and 6. Dead bushes.  
The trees with at least 45 mm dbh were measured from the circular sample plot with 
fixed radius. The sample plot radius was adjusted based on the dbh of the trees. The 
sample plot radius was 9 meters for the trees with dbh between 45-95 mm, 15 meters 
for the trees with dbh 95-299 mm and 20 meters for the trees with dbh at least 300 
mm. Trees with dbh less than 45 mm were measured with the relascope type of the 
sample plot and with a basal area factor 1,5. The tally trees were also numbered in 
clockwise numerical order as well as coordinates of the trees were recorded by using 
the bearing and distance on dbh height from the plot centre with scale ranging from 0 
to 400. The sample plot tree species and tree classes were recorded according to the 
12th NFI guidelines.  
The Sonar caliper was used for the dbh measurements as well as for measuring the 
distance between the tree and the sample plot centre point (Figure 3). The distance was 





Figure 3. Sonar caliper measurement equipment. 
The tree classes were recorded partly according to the 12th NFI guidelines. Tree class 
was based on the current tree volume and the current volume of the timber assortments. 
Living trees were classified to five classes, dead trees to five classes and stumps in one 
class (Koivuniemi 2016).  
Sample trees were selected from among the tally trees, which were not classified as 
dead trees or bushes.  A tally tree was a sample tree if the dbh was at least 45 mm and 
it exceeded the relascope factor 1,5. Every third tally tree with dbh less than 45 mm 
was a sample tree. The tree height and the length of the broken part was measured for 
stems and dead trees selected as sample trees.  In case the relascope method did not 
produce the sample trees for all the tree classes, the basal area based median tree was 
selected for the sample tree. Other sample tree measurements like lower limit of dead 
and dry branches, lower limit of living crown, height and the length of the broken part 
were measured according to the 12th NFI guidelines. The age was estimated for the 
basal area based median trees. All field data collected in the field was entered into 
digital form with the field computer. 
Upper stem diameter (d6) was measured at height 6 m from sample trees with heights 
of at least 8 m and perpendicular to the radius to plot centre. The upper stem diameter 
was measured traditionally with the parabolic caliper as well as with new dendrometer 
device, Criterion RD 1000. This dendrometer was used also for the dbh measurements 
prior to d6 measurements.   
Total of 326 sample trees were measured and for 250 trees dbh was measured twice 
with Criterion. The upper stem diameter was measured for 250 trees twice with Crite-
rion by both observers and for 305 trees once with Caliper either by observer 1 or 2. 




observed values, species and number of sample trees. For the Sonar measurements the 
observer information could not be separated as this was not recorded as a part of the 
field data. Therefore, in table 3 the observer for Sonar is 1 or 2. 
Table 3. Sample tree measurement statistics and number of sample trees (n) for observed 
dbh and d6  
Equipment Sonar Criterion Caliper 
Observed variable dbh dbh d6 d6 
Observer 1 or 2 1 2 1 2 1 2 
Scots Pine 112 108 107 108 107 59 49 
Norway Spruce 142 130 101 130 101 52 78 
Birch 64 61 35 61 35 25 35 
Aspen 4 4 4 4 4 3 1 
Grey Alder 4 3 3 3 3 1 2 
Sample trees total 326 306 250 306 250 140 165 
 
3.1.4 Criterion RD 1000 Electronic Dendrometer 
The Criterion RD 1000 device utilizes the laser technology, where a laser beam is used 
to measure the distance to the object (Figure 4). In-scope LED projects a measurement 
bar scale that represents a subtended horizontal angle. The RD 1000 uses this angular 
measurement and the horizontal distance to the target tree to calculate the diameter of 
the tree stem (Criterion RD 1000 user’s manual 2018).  
 
Figure 4. Criterion RD 1000 electronic dendrometer. 
According to Criterion RD 1000 user manual the device can be used as a basal area 
factor scope and dendrometer. As a dendrometer it can be used for measuring the di-
ameter of the tree stem at any height. It is capable to measure the diameters from 5 to 




object. In this study the distance to tree was measured with Vertex ultrasound tran-
sponder on dbh level. Vertex transponder was also utilized in this study as well as in 
the 12th NFI for tree height measurements. The transponder was calibrated before each 
of the sample plot measurements. 
With reference to the Criterion user manual the horizontal distance means the level 
distance between the dendrometer eyepiece and the point of measured object on the 
face of the tree. The horizontal distance, measured by the Vertex equipment, had to be 
given as an input value before the dbh or d6 measurements. The target visibility could 
be improved a lot by an attachable magnifier. Also, a monopod was utilized to decrease 
the wobble and increase the measurement precision. For the dbh and d6 measurements 
the Criterion offered two alternative measurement bars as visualized in figure 5. Dur-
ing the equipment testing it was noticed that the gap bar scale was more suitable for 
the diameter observations and it was used also in this study. 
 
Figure 5. Criterion RD 1000 diameter measurement bars. 
 
3.2 Data Analysis methods 
The data analysis and processing as well as producing the results were done with Mi-
crosoft Excel and with the statistical programming language R and R Studio data anal-
ysis software (RStudio Team, 2018). The field data was collected with Psion Worka-
bout Pro –field computer and transferred to the laptop data folder in CSV data format. 
This data format enabled the further data analysis operations in RStudio. The tree 
measurements were obtained with the precision according to 12th NFI field work man-




(VMI12) 2015).  The data analysis produced values with theoretical precision of sev-
eral decimal places, but the results were rounded to the values with two decimal places. 
3.2.1 Precision and Accuracy of the Different Measurement Equipment 
The precision of the different measurement equipment as well as observers was ana-
lysed by comparing the standard errors of the different measurement methods. For 
analyzing the accuracy of the measurement equipment, paired datasets for dbh and d6 
were compared. The dbh was measured with Sonar and Criterion and d6 was measured 
with Caliper and Criterion.  As defined in Bland-Altman technique the individual ob-
servations produced by two types of measurement equipment were compared. The ac-
curacy of the Criterion dbh and d6 measurements were calculated in relation to the 
reference measurements provided by the different type of the measurement equipment. 
For further analysis the Criterion data was plotted against the reference data produced 
with the comparable equipment and the scatterplot was enriched with the GMFR line 
and identity line as well as with the OLS regression line. 
Furthermore, the Bland-Altman plots were produced for the visualization of the bias 
analysis in different measurement methods similarly than in GMFR method. In Bland-
Altman plot the mean difference line provides the estimated bias and the plotted values 
are representing the variance of the different measurement method. 
For analysing the difference between the different measurement methods, the error 
variance was further examined. The maximum standard error (smax) consisting of Cri-
terion and Caliper errors, was calculated for Criterion d6 measurements with initial 
assumption that the error is zero in the comparable measurement method i.e. in Sonar 
or Caliper measurements. The same approach was applied for comparing the dbh 
measurement methods. Following equation was applied for d6 measurement methods. 
𝑠𝑚𝑎𝑥 =  √
1
𝑛−1
∑ (𝑑6𝐶𝑅𝐼 − 𝑑6𝐶𝐴𝐿)2
𝑛
𝑖=1                        (14) 
However as mentioned earlier, Sonar and Caliper measurements were not either error 
free, therefore the standard errors for the referenced methods were adopted from the 
earlier studies conducted by Päivinen et al. 1992 for Caliper and by Hyppönen and 




estimated standard error for Criterion d6 as well as for dbh measurements by subtract-
ing the reference methods standard error from the Criterion maximum standard error. 
The following equation was applied for Criterion d6 estimated standard error and the 
same approach was applied for the dbh measurements. 
𝑠𝑚𝑒𝑡ℎ𝑜𝑑 =  √(𝑠𝑚𝑎𝑥2 − 𝑠𝑟𝑒𝑓2)                        (15) 
For further analysing the errors between the observer specific measurements and the 
mean of the measurements was calculated for those measurement methods, where the 
same variable was measured twice by the different observers. The mean of the meas-
urements was assumed to represent the best estimate of the true measurement value 
and for each of the measurement method the difference between the observer meas-
urement and mean of the repeated measurement was calculated for d6 Criterion meas-
urements. 
𝑠𝐶𝑅𝐼(𝑑6) =  √(𝑑6𝐶𝑅𝐼(𝑜) − 𝑑6𝐶𝑅𝐼(𝑚𝑒𝑎𝑛))2                                             (16) 
The observer impact in measurement error was analysed based on between-observer 
and within-observer error variances as presented in equation 16. Between-observer 
variance was calculated as the amount of variation between the observations obtained 





                                                               (17) 
Within-observer variation was produced based on the amount of variation for the dbh 
or d6 measured by different observers as presented in equation 17. It was calculated as 
the mean of the error variance for the both observers and this illustrates the random 





                                                                           (18) 
Where n is the number of observations, k is the number of groups, o is referring to 




Furthermore, the F test as specified in equation 18 was utilized for finding out if the 
variation within and between groups was statistically significant. The result of F test 
is presented as the p-value.  
 𝐹 =  
𝑆𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛
𝑆𝑆𝑤𝑖𝑡ℎ𝑖𝑛
                         (19) 
3.2.2 Precision and Accuracy of Volume Estimates 
The strategy impact analysis was done by calculating the sample tree volumes by using 
different types of Laasasenaho volume models, with d6 and without d6 measurements. 
The volumes were calculated also with species specific model parameters for Scots 
pine, Norway spruce and Birch trees.  As visible in table 3 also other species were 
measured and these were grouped together with Birches for the volume modelling as 
well as for further analysis. The error variances for the tree volumes were compared 
between different types of methods including the different measurement equipment as 
well as Laasasenaho volume models. 
Volumes for Scots pine, Norway spruce and Birch including other species were calcu-
lated with d6 measurements produced by Criterion and Caliper and with dbh mean. 
Volumes were also calculated for the same tree species without d6 measurements and 
with dbh mean and dbh measurements produced by Sonar and Criterion. The accuracy 
for the sample tree volumes was analysed with similar methods than the measurement 
accuracy. 
3.2.3 Comparison of the Predicted and Observed Upper Stem diameter 
For further analysing the upper stem diameter impact in volume estimation, the upper 
stem models were produced by utilizing the d6 as well as dbh measurements gathered 
by the different equipment. The d6 models were produced separately for each species 
group and they were applied for the sample plot volume prediction. The mean of the 
dbh measurements was assumed to be the true value for the d6 model parameters as 
well as for the volume estimations. Finally, the measurement errors were compared 





3.2.4 Evaluation of the Measurement Strategy Impact in Efficiency 
For evaluating the selected measurement strategy impact in efficiency, different types 
of scenarios for producing the sample plot volumes were chosen as well as compared. 
The comparison of the sample plot volumes was done similarly to the measurement 
and volume accuracy comparison i.e. the accuracy between the sample plot specific 
volume estimations was compared. For producing the sample plot specific volumes, 
the height for tally trees was calculated with Näslund’s equation, which is a two-pa-
rameter height-diameter model. Furthermore, Laasasenaho volume functions and 
models were utilized for the volume prediction.  
The efficiency was analysed by assuming that the more measurements are taken, the 
more time is spent as well as the bigger is the overall cost of the measurements. There-
fore, following different types of measurement scenarios were utilized in the analysis 
as follows: 
• Scenario 1. No upper stem diameter is measured, and volume is calculated with 
dbh and h parameters. 
• Scenario 2. The upper stem diameter is measured for every sample tree and the 
volume is calculated with h, dbh and d6. 
Additionally, following sample tree selection related scenarios were analysed for the 
volume models with d6: 
• Scenario 3. Only one sample tree is selected from the 70 % percentile of sample 
trees and used for the sample plot volume estimation. 
• Scenario 4. Total of three sample trees are selected from the sample tree per-
centiles of 10 %, 50 % and 90 % and used for the sample plot volume estima-
tion. 
• Scenario 5. Total of five sample trees are selected from the sample tree percen-






4 Results of the Study 
4.1.1 Overview of the Data 
The main characteristics of the field data for dbh and d6 was produced for each dbh 
and d6 measurement equipment and observer according to the table 4. Additionally, 
the data was stratified in histograms based on the number of observations, observers, 
measurement results as well as species. The species-specific histograms are attached 
in appendix 2.  
For further analysis the data was also visually assessed with the Quantile-Quantile plot 
method. QQ-plots were utilized for analyzing if the collected field data was normally 
distributed, which impacts in the selection of the statistics methods for further data 
analysis.  QQ-plots are available in appendix 3. As visualized by the histograms and 
QQ-plots, the data is near enough the normal distribution and earlier presented re-
search methods for this data are applicable.   
 
 





4.1.2 Measurement Equipment and Observer Precision 
For analysing the precision and variance of the different measurement equipment and 
related variables, Criterion was compared with Sonar and Caliper measurements. 
However, the data was including some measurements, where the difference between 
the referenced observations was over 10 centimetres. Therefore, some of the observa-
tions were removed from the data. In dbh standard error analysis 3 pcs of observations 
were removed due to wrong marking or reading of the measurement result. All of the 
removed dbh observations were identified in the group of Birches or other species. For 
the analysis the observations were grouped so that all the observations were compared 
with Sonar and Caliper observations measured by observer 1 or 2. 
Table 4. Standard error for Criterion with reference to earlier research with Steel Caliper for 
dbh and Caliper for d6.  Number of observations is n, standard error s and measurement unit 
is mm.  
 
Species variable n n (erased)  smax sref sCRI 
All dbh 553 3  19.96 2.70 17.26 
Scots Pine dbh 215 0  16.40 2.70 13.70 
Norway Spruce dbh 231 0  21.50 2.70 18.80 
Birch and other dbh 107 3  22.82 2.70 20.12 
All d6 523 0  17.36 7.00 10.36 
Scots Pine d6 205 0  12.87 6.00 6.87 
Norway Spruce d6 214 0  17.93 7.00 10.93 
Birch and other d6 104 0  22.96 7.00 15.96 
In table 4 the results of Criterion dbh measurements were compared with earlier results 
of Steel Caliper dbh measurements as there were no earlier research results available 
for Sonar dbh measurements. The dbh reference value for Steel Caliper standard error 
was referenced to research results provided by Hyppönen & Roiko-Jokela (1978).  
Additionally, the table 4 results indicate that Criterion’s best performance was 
achieved in d6 measurements and for Scots Pine, where the standard error was 0,69 
centimetres. However, when Criterion standard errors were compared to the reference 
standard errors of Caliper, the Criterion performance in all the variables as well as for 
all tree species seem to be worse than in earlier research conducted by Päivinen et al. 




centimetres and based on earlier studies the Caliper standard error for d6 measure-
ments was 0,7 centimetres.  
In table 4, the column erased (n) consists of the amount of observations erased from 
the random error variance analysis due to over 10 centimetres difference between the 
measured observation. These types of errors are normally caused by typos or by wrong 
reading during the data gathering. 
Furthermore, the measurement standard errors were compared with the reference val-
ues of mean of the measurements (Table 5). The mean of the measurements was cal-
culated as a mean of the observers for the same variable and with same equipment. In 
this comparison the Criterion results were quite like the previous results so that stand-
ard errors were smallest in d6 measurements with Criterion.  
Table 5. Standard error and bias for Criterion with reference to mean of the measurements.  
Number of observations is n, standard error s and measurement unit is mm. 
Species variable n sCRI  sCRI (%) bias bias (%)  
All dbh 556 9.72 3.92 -0.74 0.30  
Scots Pine dbh 215 9.70 3.99 0.03 0.01  
Norway Spruce dbh 231 10.37 3.95 -3.05 1.16  
Birch and other dbh 110 8.23 3.62 -0.11 0.05  
All d6 536 7.07 3.49 0.45 0.22  
Scots Pine d6 210 6.79 3.49 1.92 0.99  
Norway Spruce d6 221 7.92 3.58 2.00 0.90  
Birch and other d6 105 5.56 3.07 -2.46 1.36  
        
In table 5 the bias was calculated between the Criterion measurements and mean of the 
Criterion measurements according to equation 1. The highest bias -3,05 mm was rec-
orded in dbh measurements and for Scots Pine. This indicates that the Criterion is pro-
ducing systematically underestimates for the dbh measurements. For d6 observations 
the bias for all the species was surprisingly low, only 0,45 mm when the individual 
measurements were compared to the mean of the measurements. 
The observer performance and precision were analysed similarly than the measure-
ment equipment precision but based on the observer standard errors within and be-




is no difference between the standard errors for different observers and variables. The 
p-value in all of the data groups indicates that the differences between the means of 
the measurements is not statistically significant. 
Table 6. The standard error (s) for Criterion dbh and d6 by observers. 
 
 Observer 1 Observer 2 
Species n sdbh sd6 n sdbh sd6 
All 306 9.27 7.29 250 10.25 8.06 
Scots Pine 108 9.69 6.75 107 9.73 6.79 
Norway Spruce 130 9.77 8.63 101 11.08 9.79 
Birch and other 68 7.40 4.89 42 9.42 6.22 
 
Table 7. Criterion standard errors (s) within and between observers 
 
Species variable n  SSwithin SSbetween SStotal p-value 
All dbh 533  5.14 14.00 0.37 0.55 
Scots Pine dbh 208  7.17 29.00 0.25 0.62 
Norway Spruce dbh 227  9.77 28.30 0.34 0.56 
Birch and other dbh 98  0.02 132.00 0.00 0.99 
All d6 533  0.17 11.80 0.01 0.90 
Scots Pine d6 208  0.36 24.50 0.01 0.90 
Norway Spruce d6 227  0.81 22.60 0.04 0.85 
Birch and other d6 98  0.72 111.00 0.01 0.94 
 
 
       
 




4.1.3 Measurement Equipment Accuracy 
For analyzing the accuracy, the variances for different combinations of measurement 
equipment and variables were calculated for further processing of the GMFR parame-
ters. With reference to attached main characteristics of the data, the GMFR regression 
line equations and coefficients for the Criterion dbh and d6 measurement comparisons 
with Sonar and Caliper were calculated (Appendix 4). Also the coefficients for the 
OLS line were produced for the evaluation of the difference and distance between the 
OLS and GMFR lines. The OLS line was produced as a linear regression trendline 
between the observations with different equipment and the GMFR line slope with the 
following equation. 
𝐺𝑀𝐹𝑅 =  
𝑠𝑑𝐶𝑅𝐼
𝑠𝑑𝑟𝑒𝑓
                         (20) 
Where sdCRI is the standard deviation for Criteion and sdref  is the standard deviation 
for Sonar or Caliper measurements. 
Figure 8 plots are visualizing the results for the dbh observations, where the GMFR 
line is very close to the identity line and similarly, the OLS line is very close to the 
identity line. For dbh measurements the coefficients of the regression lines are very 
similar in all species, so this indicates that both dbh measurement methods are subject 







Figure 8. The plot of dbh field measurements against the reference data. The identity line is 
presented with a solid line, OLS with dashed line and GMFR with dotted line. 
Figure 9 visualizes the similar results for d6 measurements, which indicates that the 
two measurement methods for d6 measurements are subject to about equal errors. All 
the lines are placed almost top of each other and they are perfectly in line with the 










Figure 9. The plot of d6 field measurements against the reference data. The identity line is 
presented with a solid line, OLS with dashed line and GMFR with dotted line. 
Bland-Altman results for the measurement method comparison are presented in figures 
10 and 11. The bias in Bland-Altman plots is described with a mean of difference line 
as presented earlier in chapter 2.1.4.  The bias was smallest for the Scots Pine dbh 
measurements and highest in dbh measurements for Birch and other species. The mean 
difference line is in all cases above the zero line and this indicates that the Criterion 
equipment is underestimating both dbh and d6 observations when it is compared with 
Sonar or Caliper observations. The trendline describes the relationship of variances 
between the different measurement methods and the trendline coefficients are very 





Figure 10. The Bland-Altman plots for dbh, where the difference between measurement 
equipment is compared to reference data. The mean difference line and mean difference +/- 





Figure 11. The Bland-Altman plots for d6, where the difference between measurement equip-
ment is compared to reference data. The mean difference line and mean difference +/- 2SD 
lines are presented with dashed lines and the trend line with solid line. 
4.1.4 Precision and Accuracy of the Sample Tree Volume Estimates  
For further analysing the impact of different measurement method combinations in 
volume estimates, the sample tree volumes were calculated. The same analysis ap-
proach was taken for the individual forest parameter analysis as well as for analysing 
the sample tree volumes. The volume was produced in cubic decimetres (dm3) for the 
sample trees with Laasasenaho volume functions. For the three-parameter volume 
model the dbh value was set to mean of the dbh measurements, so that the impact in 
sample tree volumes with different d6 measurement methods could be analysed. Oth-
erwise the individual observations were used in volume estimations based on either 




The main characteristics of the data is available at appendix, where table 2 consists 
of 2-parameter volume model data and table 3 consists of 3-parameter volume model 
data.  Coefficients for GMFR lines were calculated by utilizing the standard devia-
tions for the estimated sample tree volumes. Figures 12 and 13 are visualizing the 
sample tree volumes with GMFR, OLS and identity lines. 
 
Figure 12. The plot of volumes with dbh, where identity line is presented with a solid line, 
OLS with dashed line and GMFR with dotted line. 
When comparing the GMFR line coefficients for the sample tree volumes, they seem 
to be slightly further away from the identity line than for instance the GMFR coeffi-
cients in the measurement equipment specific comparison. This indicates that the error 




erroneous data is utilized in the volume estimations, the errors are cumulating in the 
end results and the results are more disperse. 
 
  
Figure 13. The plot of volumes with d6 against the reference volumes. The identity line is 








Bland-Altman results for sample tree volumes with two types of Laasasenaho models 
are presented in figures 14 and 15.  
  
Figure 14.  The Bland-Altman plots for sample tree volumes including dbh measurement er-
rors. 
 
All the bias values in sample tree volume estimation are positive values, similarly to 
the measurement equipment comparison. Especially the 2-parameter volume model 
with dbh measurements produced volumes that are relatively more biased than the 
results produced with the 3-parameter volume model. Furthermore, the volumes are 
relatively more biased than the individual measurements. This is visible in both 





Figure 15. The Bland-Altman plots for sample tree volumes including d6 measurement errors. 
Furthermore, the Bland-Altman as well as GMFR results in table 8 illustrates that both 
the bias as well as standard error are increased when the results were impacted also by 
the modelling errors. The relative bias for individual dbh measurements was 0,3 % and 
for 2-parameter volume model 6,63 %. For individual d6 measurements the relative 
bias was 0,22 % and for 3-parameter model 5,10 %.  Between the model types the 3-
parameter model produces less biased results than 2-parameter model when the results 
are compared to sample tree volumes produced by the model where the parameters are 
mean of dbh and mean of d6 observations. Similarly, the relative standard errors are 
increased by several percentage units when sample plot volume results are compared 




Table 8. Standard error and bias for sample tree volumes produced by Criterion. Number of 
observations is n, standard error smodel and the unit is dm3. 
Species volume model n Smodel  Smodel (%) bias bias (%) 
All 2-parameter 556 64.23 10.55 40.34 6.63 
Scots Pine 2-parameter 215 51.39 9.33 11.92 2.16 
Norway Spruce 2-parameter 231 64.55 9.60 55.57 8.26 
Birch and other 2-parameter 110 83.30 14.20 63.90 10.89 
All 3-parameter 527 52.58 8.42 31.86 5.10 
Scots Pine 3-parameter 205 46.61 8.45 18.32 3.32 
Norway Spruce 3-parameter 218 49.99 7.09 36.85 5.23 
Birch and other 3-parameter 104 67.13 11.19 48.27 8.05 
 
4.1.5 Measurement Strategy Impact in Efficiency 
The sample plot volumes were calculated based on the sample and tally tree measure-
ments as well as estimated variables for tally tree heights and upper stem diameters. 
Heights were estimated for the tally trees by Näslund’s height model and with total of 
326 sample tree measurements. Upper stem diameters were estimated by linear regres-
sion based on 533 individual sample tree measurements. For d6 model the mean of the 
dbh measurements was utilized as the explanatory variable and d6 observations were 
utilized as the dependant variable. Furthermore, the heights and d6 were modelled by 
species for each of the sample plot.  
Following models and their coefficient of determinations were produced. The sample 
plot specific models could not be produced due to limited amount of the available 
sample trees for all the species and therefore, the d6 models were calculated on the 
research area level (figure 16). 
Scots Pine: 𝑑6𝑒𝑠𝑡 = 0,904 ∗ 𝑑𝑏ℎ −  27,262, where R
2 = 0,904 
Norway Spruce: 𝑑6𝑒𝑠𝑡 = 0,863 ∗ 𝑑𝑏ℎ −  6,774, where R
2 = 0,927 
Birch and other species: 𝑑6𝑒𝑠𝑡 = 0,881 ∗ 𝑑𝑏ℎ − 20,175, where R






Figure 16. Regression models for d6. 
The sample plot specific volumes were produced by Laasasenaho 2-parameter and 3-
parameter volume models depending on the data availability for d6 measurements. The 
sample tree height percentiles were calculated for the different sample tree and sample 
plot volume modelling scenarios based on the sample tree dbh observations and as 
presented in chapter 3.2.3. 
Figure 17 visualizes the differences in the sample plot volume estimates depending on 
the sample tree selection criteria and selected scenario. The highest volume estimates 
were produced with Laasasenaho 2-parameter model and the lowest with the scenario 
4, where three sample trees were selected from percentiles p1, p2 and p9.   
By assuming that the 3-parameter volume model produced the error free volume esti-
mates, it was set as a reference value for the sample tree measurement efficiency anal-
ysis. Based on this assumption the RMSE and bias for other sample plot measurement 
scenarios and related volumes could be calculated as follows and with reference to 
Scenario 2.  
Table 9. The accuracy and precision of sample plot volumes in m3/ha. 
 
 Scenario 1 Scenario 3 Scenario 4 Scenario 5 
Bias -25.07 -0.78 0.29 0.78 
RMSE 35.77 3.92 4.97 4.06 




This experiment illustrates that the sample tree selection strategy must be carefully 
considered as sometimes also fewer sample trees could provide more reliable results. 
In this experiment the most reliable results were achieved with the scenario, where 
only one sample tree was available for each of the sample plot and from the dbh per-
centile of 70 %.  
 
 
















Sample plot measurements are in important role and key elements of the National For-
est Inventory. Measuring the forest parameters and especially the sample tree variables 
is very time consuming and therefore more efficient measurement methods need to be 
studied. However, the most efficient measurement methods should be in balance with 
the accuracy and reliability as well. 
The purpose of this study was to research the upper stem diameter measurement strat-
egy as well as the impact in the volume predictions. Measuring the upper diameter 
with Caliper and 5-meter rod was considered as complicated as well as unreliable 
method and therefore the d6 measurement was removed from the NFI’s sample plot 
field data set few years ago. Not only that the Caliper and 5-meter rod is quite complex 
to be carried around as well as assembled and disassembled, it also might cause danger 
when trying to take the measurements during the thunderstorms.  
However, leaving out the d6 measurements from the sample plot field data set is caus-
ing some more errors in the volume estimation and for instance referring to Laasase-
naho 2-parameter and 3-paremeter models, the volume model standard error is reduced 
around 10 %, when d6 is also utilized as an input parameter for the model (Laasase-
naho 1982). In this assumption the d6 measurements are considered as error free. In 
normal situation the measurement errors caused by the dbh, d6 or height measurements 
will increase the sample tree volume estimate standard errors with few more percent-
ages. Due to the accuracy and precision requirements as well as considering the meas-
urement easiness, more compact and safer equipment needed to be tested for d6 meas-
urements and this equipment was Criterion, laser-based dendrometer. 
The data for this study was gathered based on slightly amended approach when refer-
ring to the 12th NFI fieldwork instructions. The main change was to extend the sample 
plot diameter from 9 meter to maximum of 20 meter, which also multiplied the amount 
of the tally as well as sample trees to be measured. Furthermore, the dbh and d6 meas-
urements were repeated by two separate observers so that the observer specific impact 
in measurement precision and accuracy could be analysed. 
The reference values caused some challenges for the selection of the data analysis 




true values even if the errors are present and not known. For instance, the field meas-
urements are often assumed to be error free and, in that case, the real errors are ignored. 
The reference data problem has been traditionally solved by either ignoring it or gath-
ering only a small portion of data consisting of also the reference data from the felled 
trees. In this study the selected data analysis methods could be considered applicable 
for such research topics where the errors are present also in reference values.   
It would have been interesting to have reliable measurements available as a reference 
values so that more accurate and reliable estimations regarding the Criterion perfor-
mance could have been obtained. However, the applied methods in the statistical anal-
ysis of the data did take into consideration that the reference data is not either error 
free and therefore the results obtained in this study give good idea about the Criterion 
performance in dbh and d6 measurements. Especially when same results were 
achieved with different statistical analysis methods. 
5.1.1 Measurements and Equipment 
The measurement equipment precision, accuracy and efficiency were analysed based 
on the measurement theory related methods and by calculating standard errors as well 
as bias values. The measurement precision and accuracy were at first analysed based 
on earlier research results obtained by Päivinen et al. (1992) and Hyppönen & Roiko-
Jokela (1978). At second phase the measurement precision and accuracy were analysed 
with reference to the mean of the repeated measurements. Additionally, between and 
within observer precision was analysed based on the individual measurements. Finally, 
the measurement equipment precision and accuracy were visually assessed with 
GMFR as well as with Bland-Altman plots. 
Criterion performance in dbh measurements was poor when referring to previous re-
search materials produced by Hyppönen & Roiko-Jokela 1978 and Päivinen et al. 
1992. Only in d6 measurements for Scots Pine the Criterion was performing similarly 
to the reference equipment. The Criterion standard error was 6,87 mm and the refer-
ence equipment standard error based on the earlier research was 6,00 mm. However, 
the reference study was done only for Scots Pine, which means that in this study the 





When mean of the measurements was utilized as a reference value, Criterion was per-
forming quite similarly in all the measurements and the standard errors were varying 
between 5,56 mm and 10,37 mm.  The highest standard error in comparison to mean 
of the measurements was recorded in dbh observations and for Norway Spruce  
This study results can be compared also with the results achieved by Pitkänen et al. 
2019 where the same field data was utilized as a reference data for TLS measurements 
of dbh and d6. In TLS measurements the dbh RMSE was between 7,34 mm and 9,76 
mm, depending on the applied fitting method and in d6 measurements the TLS pro-
duced RMSE between 8,44 mm and 13,09 mm. In relative RMSE comparison the Cri-
terion measurements seem to be both, more precise and accurate, when the reference 
value is the mean of the measurements.  
For further analysing the difference between the observers and within observers, the 
variance analysis as well as F-statistics related p-values were produced. The variance 
analysis showed that there was no statistically significant difference within or between 
the observers or in related errors. This confirmed that the standard errors of the differ-
ent measurement equipment are not caused by the observer variance. 
The visual assessment of the measurements also indicated that both, the dbh measure-
ments with Sonar and measurements with Criterion are subject to equal errors. In 
Bland-Altman the difference between the measurement methods was defined as a 
function of their mean. In case the differences between two measurement methods are 
normally distributed, 95 % of the observations should be between ±2 SD lines. This 
was present in all Bland-Altman plots. The mean of the differences was also in all the 
plots above the zero line, which indicates the systematic bias in Criterion measure-
ments. More precisely it indicates that Criterion underestimates when the measure-
ments are compared with Caliper or Sonar measurements. 
One reason for Criterion’s poor performance could have been caused by the distance 
to tree stem measurements. This was not considered when analysing the overall Crite-
rion performance and in case the distance to tree stem was not right it could have im-




5.1.2 Sample Tree Volumes 
For comparing and analysing the reliability of the volume estimates with or without 
the d6 measurements, the volumes were calculated for the sample trees by 2-parameter 
and 3-parameter models of Laasasenaho. This analysis helped to answer the question 
if the measurement errors combined with model errors are providing less accurate and 
less precise results than individual measurements. The reference data in this experi-
ment was produced with models where the mean of the measurements for dbh and d6 
parameters was assumed to be the true value. The accuracy and precision were ana-
lysed similarly to the individual measurements and visualized with GMFR and Bland-
Altman plots. The same trend followed in the sample tree volume results what was 
visible also in the individual measurements. However, the relative bias values and 
standard errors were much higher than in individual measurements, which indicates 
the presence of the modelling error. The measurement errors are always producing bias 
in the sample tree volumes, because the volume model is nonlinear (Kangas, 1996).  
5.1.3 Efficiency and Sample Plot Volumes 
The efficiency analysis and the d6 prediction impact analysis in total sample plot vol-
ume estimation was done by selecting predefined scenarios for the sample plot volume 
estimation. The scenarios were chosen to present different sample tree selection as 
well as d6 measurement options and the results were referenced to the sample plot 
volumes produced with the 3-parameter volume model, where all the sample tree 
measurements were utilized, and the mean of the measurements was applied for dbh 
and d6 parameters. The sample trees for the different scenarios were chosen from the 
certain percentiles to see if there is a significant difference in the sample plot volumes 
based on the number of the sample trees as well as the size of the chosen sample trees. 
In this experiment the most accurate and precise result was achieved when only one 
sample tree was selected from each of the sample plot and it was representing the 70 % 
percentile of the measured dbh values. This result shows that when the upper stem 
diameter model is unbiased, there is no need to measure more sample trees. However, 
if the upper stem diameter model had been biased, the results could have been sug-






The hypothesis of this study was to find out if there is a cost-efficient way to improve 
the volume estimation accuracy in NFI. The accuracy as well as the precision of the 
dbh and d6 forest parameters were analysed from the multiple angles. Also, the meth-
ods impacting in efficiency were analysed with the sample tree volumes as well as 
with the sample plot volumes.   
The most interesting finding in this study was that the Criterion variances are like Cal-
iper and Sonar variances, however Criterion accuracy and precision were not on the 
adequate level to be considered as an alternative method for d6 measurements in fu-
ture.  Another interesting finding was related to the observer variances, which indi-
cated that in this study the results are not depending on the observer. The sample tree 
selection experiment provided also interesting results regarding the measurement se-
lection strategies, where sometimes less is more. Especially with unbiased d6 model 
the reliable volume estimates can be produced with fewer sample trees. 
Some potential improvements regarding this study came across during the data analy-
sis and statistical methods. For example, regarding the Criterion measurement accu-
racy and precision analysis, there were also other elements impacting in the measure-
ment results and causing some uncertainties. For instance, the Criterion measurement 
had to be taken from a certain distance from the tree stem. This distance was measured 
with the Vertex transponder, before taking the Criterion measurement. This was not 
very efficient or reliable and perhaps Criterion equipment will be developed in future 
so that it automatically analyses the distance between the tree stem and the observer 
and in this way minimizes these types of uncertainties.  
More research is needed and specially to understand all the characteristics around the 
d6 measurements and between different measurement equipment as well as for in-
stance to identify the reason why Criterion was performing better in d6 measurements 
than in dbh measurements. The technology development is fast and in case new tech-
nologies are to be tested and studied also reliable reference data is an important ele-
ment. In this study the reliable reference data was absent, but in future this type of 
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Appendix 3 – Q-Q Plots for Data Normality Assessment 
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Table 1. Measurements and main characteristics for dbh and d6 diameters, where sd is the 
standard deviation. 
Equipment variable species min mean max Sd 
Sonar dbh All 25.00 236.90 502.00 86.31 
Sonar dbh Scots pine 112.00 239.60 468.00 75.62 
Sonar dbh Norway Spruce 52.00 245.30 421.00 81.35 
Sonar dbh Birch and other 59.00 207.00 423.00 92.98 
Criterion dbh All 56.00 251.60 573.00 86.31 
Criterion dbh Scots pine 112.00 243.10 470.00 77.15 
Criterion dbh Norway Spruce 77.00 265.10 468.00 79.72 
Criterion dbh Birch and other 56.00 220.30 458.00 95.24 
Caliper d6 All 5.00 195.80 412.00 78.73 
Caliper d6 Scots pine 60.00 189.30 370.00 71.93 
Caliper d6 Norway Spruce 5.00 212.80 372.00 73.38 
Caliper d6 Birch and other 55.00 173.60 412.00 94.07 
Criterion d6 All 47.00 203.10 454.00 80.93 
Criterion d6 Scots pine 67.00 194.50 381.00 73.19 
Criterion d6 Norway Spruce 47.00 221.60 408.00 72.41 
Criterion d6 Birch and other 63.00 181.50 454.00 102.21 
 
Table 2. Main characteristics for the sample tree volumes with 2-parameter model, where sd 
is the standard deviation. 
Equipment variable species min mean max Sd  
Sonar dbh All 1.74 548.10 2602.00 462.99  
Sonar dbh Scots pine 57.46 528.00 2602.00 438.41  
Sonar dbh Norway Spruce 5.97 590.00 1853.00 415.42  
Sonar dbh Birch and other 1.74 496.80 2568.00 572.56  
Criterion dbh All 11.52 608.60 2843.00 499.05  
Criterion dbh Scots pine 54.83 551.00 2622.00 457.20  
Criterion dbh Norway Spruce 23.37 672.60 2268.00 443.64  
Criterion dbh Birch and other 11.52 586.70 2843.00 653.22  
 
Table 3. Main characteristics for the sample tree volumes with 3-parameter model, where sd 
is the standard deviation. 
Equipment variable species min mean max sd 
Caliper d6 All 24.04 592.90 2603.00 484.97 
Caliper d6 Scots pine 57.59 533.30 2468.00 448.66 
Caliper d6 Norway Spruce 24.04 670.30 2109.00 441.98 
Caliper d6 Birch and other 36.05 551.50 2603.00 606.69 
Criterion d6 All 29.48 624.40 3036.00 517.16 
Criterion d6 Scots pine 56.76 551.60 2587.00 464.11 
Criterion d6 Norway Spruce 29.48 704.60 2262.00 463.60 
Criterion d6 Birch and other 39.82 599.70 3036.00 679.41 
 
